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Two-dimensional TisC, MXenes exhibit remarkable thermal stability and flame resistance, while
hybridisation with bio-based chitosan (CS) enhances their effectiveness as flame-proof coating.
However, the underlying flame-retardant (FR) mechanisms remain insufficiently resolved at the
atomistic scale. Herein, reactive molecular dynamics simulations (MD-ReaxFF) alongside
experiments (TGA-FTIR, SEM, XRD, XPS) elucidate the FR pathways of MXene/CS nanosheets.
MXene/CS exhibits flame retardancy through three synergistic pathways: (1) releasing organic
volatiles to dilute oxidisers; (2) depositing hydroxyl and nitrogen groups to passivate reactive sites; and
(3) reinforcing char formation by strengthening C-C and Ti-C bonding. Multilayer MXene/CS coatings
exhibit sequential FR behaviour, where sacrificial TiO, layers, interlayer carbonisation, and volatile
exclusion collectively maintain structural stability under extreme heating. Experimental validation
confirms the organic volatiles, enhanced char yield, TiO, transformation, and surface
functionalisation. These insights establish a mechanistic framework for MXene-based hybrids and
highlight CS as a sustainable charring agent, offering design principles for future lightweight and

multifunctional flame-retardant coatings.

Polymeric materials are highly combustible and pose significant fire hazards
to public safety, as they release intense heat and toxic gases under high-
temperature conditions'. Utilising carbon-based flame-retardant (FR)
coatings to flame-proof polymeric materials represents an effective solution
whereby the carbon materials are able to generate a carbonaceous protective
layer to protect the material substrates from heat impact and exclude oxi-
disers to hinder chain reactions’. The trade-off between weight gain, flame
resistance efficiency, and other material design constraints—such as elec-
trical conductivity and biocompatibility—remains unresolved. This chal-
lenge has led researchers to explore solutions through the synthesis of
inherently lightweight nanoscale carbon-based coatings.

Among the many advancements in two-dimensional (2D) nanoma-
terials, metal carbides known as MXenes, discovered in 2011°, have been
extensively studied for their remarkable mechanical, electronic, and optical
properties”. Their sub-nanometre interlayer gaps between 2D sheets enable
fast ion intercalation and transport. Structurally, MXenes are a hexagonal

closed-packed (hcp) crystal structure, where the transitional metal sites (i.e.
Ti, Mo) were converted to close-packed arrangements, and X (i.e. C, N)
atoms are located at octahedral sites between the planes of M atoms.
Notably, Ti;C, nanosheets exfoliated from the MAX phase exhibit high
thermal and electrical conductivity along with a low thermal expansion
coefficient’. At elevated temperatures, Ti;C, nanosheets undergo oxidation,
transforming into carbon-supported TiO, hybrids. During this process, the
surface Ti layers oxidise into either rutile or anatase TiO,, while oxygen
diffusion within the structure leads to the release of CO and CO,. Experi-
mental work has reported that Ti;C, nanosheets are thermally stable up to
1073 K in argon ambient’, while the transformation of rutile or anatase TiO,
begins from 470 K and achieves carbon-supported TiO, hybrids at 1420 K.
As a next-generation material, Ti;C, exhibits exceptional flame-resistant
performance in high-temperature environments. During phase transfor-
mation, it forms carbon-supported TiO, hybrids, which provide effective
shielding against heat transfer, smoke generation, and the catalytic
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attenuation of toxic fumes®. MXene nanosheets can also be deposited onto
polymer surfaces using layer-by-layer (LbL) assembly. In this methodology,
multifunctional bilayers are held together by various attractive forces,
including Van der Waals interactions, electrostatic attraction, and hydrogen
bonding’. This approach enables the precise nano-engineering of FR coat-
ings, allowing for the incorporation of selected additives such as phos-
phorus-based, nitrogen-based, or other charring agents into the multilayer
system. Notably, MXene nanosheets hybridised with chitosan (CS) exhibit
remarkable synergistic effects with Ti;C, MXene nanosheets, significantly
enhancing char formation and strengthening physical barrier properties for
improved flame protection'*". As a polysaccharide derivative of chitin, CS
offers remarkable hydrophilicity, biodegradability, and cost-effectiveness.
Owing to its hydrophilic groups, CS easily integrates with MXene via
solution mixing or LbL approaches”’, enabling the development of MXene/
CS layered structures for applications in thermal resistance, electromagnetic
interference (EMI) shielding"”, biosensing’ and water purification'.
Understanding the synergistic FR mechanism between MXene and CS
remains nonetheless challenging due to atomistic and instantaneous
interfacial/interlayer reactions, including surface modification and carbon
arrangement leading to graphitisation. These phenomena are difficult to
observe using conventional microscopy and analytical techniques. Parti-
cularly, the fundamental role of CS in reinforcing MXene’s thermal resis-
tance at the atomic level remains unexplored, necessitating a dynamic
evaluation of the nanomaterial throughout the thermal decomposition and
charring process.

Recently, the emergence of computational material science utilising
molecular dynamics (MD) simulations has revolutionised the character-
isation of next-generation materials, which dynamically extract
morphology”, chemical bonding', and other physical properties’” of
MZXenes in different pre-defined environments. Specifically, reactive force
field molecular dynamics (MD-ReaxFF) is a powerful tool for capturing and
analysing the rapid, radical-driven reactions of oxidative thermal decom-
position. MD-ReaxFF incorporates interatomic potentials, enabling the
consideration of bond formation and dissociation based on bond distances
and orders'". Early studies using MD-ReaxFF to investigate the oxidation
physics of MXene can be found in the model developed by Lotfi et al.”’,
where they have fundamentally characterised the thermal oxidation process
of Ti;C, slabs in different environments and captured the evolution of
carbon arrangements in the carbon-TiO, hybrid structures. Meanwhile,
Badawy et al.”’ focused on the phase transformation to TiO, architectures
from MXenes with different surface terminations. Lately, Liu et al.”' com-
bined aberration-corrected environmental transmission electron micro-
scopy (AC-ETEM) and MD-ReaxFF simulations to explore the crystal
plane-dependent oxidation of Ti;C, and expansion owing to coordination
and charge differences of superficial Ti atoms. To the best of our knowledge,
no published studies have characterised the thermal oxidation of Ti;C,
nanosheets, specifically examining their thermal resistance mechanisms and
interlayer interactions with FR additives at elevated temperatures. The
detailed atomistic reaction between MXenes and CS during flame resistance
also remains unexplored, specifically the pyrolysis hindrance CS offers to
MZXene via surface adsorption and barrier effect.

This study seeks to establish a fundamental understanding of the
naturally occurring thermal oxidation of Ti;C, nanosheets under the
influence of CS, employing MD-ReaxFF simulations complemented by
analytical experiments. A new force field was parameterised using density
functional theory (DFT) calculations to enable the oxidation of Ti;C, slabs
and their interfacial interactions with CS. These simulations provide valu-
able insights and enable a dynamic evaluation of MXene and MXene/CS’s
thermal resistance chemistry across various orientations and layering sce-
narjos. This includes the transformation of carbon-supported TiO,, the
carbonisation of amorphous char, and gas-phase diffusion. The elucidated
microscopic information, including gas species spectrum, crystallinity and
residue composition of the MXene simulations, is benchmarked against
several analytical experiments (i.e. XPS, XRD and TG-FTIR) to probe the
flame-retardant pathway of MXene/CS interlayers.

Results and discussion

Evolution of MXene surface oxidation

To elucidate the intrinsic oxidation chemistry of pristine MXene slabs with
the newly trained ReaxFF potentials, a series of MD simulations on Ti;C,
nanosheets were performed at 2000 K, 2500 K, and 3000 K. Figure 1(a)
illustrates the transient evolution of single-slab Ti;C, oxidation at 3000 K
from 0 to 300 ps (see Supplementary Movie 1). The thermal oxidation of
MXene is initiated by oxygen diffusion surrounding the slab, which facil-
itates an irreversible phase transformation, leading to the formation of
amorphous carbon-supported TiO, hybrids as temperature increases.

Figure 1(b) further illustrates the lattice and atomic-scale reconfi-
guration, highlighting the transition of the carbon layer from a crystalline to
an amorphous state due to Ti-C bond dissociation. Concurrently, the Ti
layer undergoes rapid oxidation, resulting in its conversion into tetragonal
rutile or anatase TiO.,.

To probe the atomic reconfiguration, Fig. 1(c) depicts the Radial dis-
tribution function (RDF) spectrum of the MXene, which reveals the aver-
aged interatomic distances. During oxidation, the Ti-Ti distance reduced
from 3.1 A to 2.7 A noticeably owing to the formation of the Ti-O-Tiand O-
Ti-O bond during TiO, transformation. Simultaneously, the weakening of
Ti-C interactions significantly accelerates Ti-C bond dissociation, resulting
in diminished peak intensity for Ti-C as oxidation progresses. The residual
carbon fragments agglomerate to chain-like carbon in an amorphous state
under high temperatures via compact C-C bonding (~1.2 A).

Figure 1(d) quantifies the gases detected during oxidation at 2000 K,
2500 K and 3000 K, demonstrating that CO and CO, constitute the pre-
dominant volatiles from the oxidation of Ti;C,0,. The findings suggest that
oxygen diffusion through surface openings induces a 3-scission reaction on
local carbon chains, leading to CO and CO, release. In comparison, the
oxidation dynamics are most aggressive, yielding 73 CO and 20 CO,
molecules after 300 ps. Although the gasification rates at 2000 K and 2500 K
were relatively slow due to limited energy availability and reaction time-
scales, oxygen consumption remains remarkably consistent across the cases.
This can be attributed to the reaction phases of 2000 K and 2500 K, where
oxidation of the surface Ti layer precedes substantial carbon gasification.
Additionally, oxidation product volatiles can be further characterised via the
TGA-FTIR experiment.

Figure 2 (a) presents the FTIR spectrum of MXene at different tem-
peratures during TGA analysis in an oxygen environment. A significant
CO, pattern is identified after the temperature increased over 350 °C, where
the asymmetric stretch (2363.52 cm ™' and 2330.64 cm ™), symmetric stretch
(1584.59 cm™") and bending vibration (670 cm™") of CO, were detected.
The results obtained from MD simulations strongly support the postulated
thermal oxidation reaction of MXene:

Ti,C,0, + 40, = 3TiO, + CO, + Amorphous C

This thermally driven reaction aligns with previous experimental and
numerical studies” ", beginning with the transformation of the surface Ti
layer into rutile or anatase TiO, via oxidation. The hybrid layers exhibit
excellent flame-resistant properties, maintaining structural stability under
extreme heat (3000 K) due to compact C-C and Ti-Ti interatomic distances
that dissipate heat and restrain further oxidation. However, once the surface
Ti layer completes its phase transformation, residual carbon remains sus-
ceptible to oxidation. Oxygen diffusion through surface openings enables
the oxidation of carbon chains, leading to further degradation. SEM images
of MXene before and after TGA further illustrate its thermal oxidative
behaviour.

Figure 2(b), (d) capture the surface morphology of MXene slabs pre-
TGA at magnifications of 1 um and 0.5 pm, confirming the fabrication of
Ti;C, nanosheets with lateral dimensions of ~0.5 um and ultrathin thick-
ness. The flake-like pattern remained intact, with no noticeable defects.
Post-TGA analysis (Fig. 2(c), (e)) reveals a significant transformation into
rutile- and anatase-like TiO, structures, which dominate the images,
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Fig. 1 | MD simulations of pristine MXene oxidation. a Snapshots of MXene/O, at 3000 K; b Snapshots of lattice at 3000 K, with displaying carbon or Titanium, oxygen
only; ¢ RDF spectra of MXene at 3000 K; d Product distribution of MXene/O, at different temperatures.

indicating that TiO, constitutes the primary or majority oxidation product
at high temperatures.

The TiO, transformation of MXene can be further studied using X-ray
photoelectron spectroscopy (XPS). Figure 2(f) reveals the high-resolution Ti2p

spectrum of MXene before TG. It demonstrates several distinct peaks at 455,
456.5,457.5,459.5,461 and 465.5 eV, which correspond to Ti-C, Ti(II), Ti(III),
Ti(IV)-TiO,, TiO,.(F»,, and C-Ti-F assignments respectively”. This confirms
the intact Ti;C, structure consisting of a Ti-C network in the interior MXene
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Fig. 2 | Experimental confirmation of pristine MXene oxidation. a TGA-FTIR spectrum of MXene an oxygen environment; SEM images of the MXene sample at 1 um (b)
before TGA; ¢ After TGA (N,); at 0.5 um d before TGA; e After TGA (N,); XPS Ti2p spectrum of MXene f before TGA; g After TGA.

layers, with partial surface oxidation that forms mixed oxides (TiO,F,) and
carboxides (TiC,Oy). However, distinct peaks indicating oxidation can be
identified in the high-resolution Ti2p spectrum of MXene after TG in Fig. 2(g),
where sharp TiO, signals at 458.6 eV and TiO, ,F,,/TiO, at 464 eV* indicate
the complete TiO, transformation during oxidation. The detailed XPS analysis
on MXene before and after TG can be found in Supplementary Fig. 3 and
Supplementary Fig. 4.

Influence of CS on MXene thermal decomposition
During the hybridisation between MXene and CS, the interfacial/interlayer
reactions—comprising surface modification and graphitisation—occur
instantaneously at the molecular scale, making them extremely difficult to
observe using conventional microscopy or analytical techniques. In this
section, the influence of CS on MXene’s thermal decomposition can be
investigated by introducing CS chains into the free periodic domain in both
oxygen and vacuum environments in MD simulations, as shown in Fig. 3(a),
(b) (see Supplementary Movie 2 and Supplementary Movie 3). Both systems
were heated at 3000 K, triggering rapid degradation of CS upon the initia-
tion of heating. During decomposition, d-glucosamine chains are broken
down into low-molecular-weight fragments (e.g. H,O, NH;, H,, C,H,0,
etc.) along with other aliphatic carbon residues.

Figure 3(c) compares the number of major volatiles released in oxygen
and vacuum environments. Owing to the high nitrogen and hydroxyl

content in CS, significant amounts of organic molecules such as H,O and
NH; were emitted during decomposition. These gaseous species are com-
monly detected in FR systems, where they help to dilute the surrounding
combustible gases and oxidisers in flaming scenarios*. Notably, the
MXene/CS system released more NH; and H, in the absence of oxygen,
nearly twice the NH; compared to the oxidation scenario, indicating more
excellent FR activity in the gas phase.

Gaseous species that were detected also agreed with the TGA-FTIR
results. Figure 3(d) reveals the TGA-FTIR spectrum of MXene/CS at dif-
ferent temperatures in nitrogen. At early thermal behaviour, strong and
broad vibration peaks can be observed at ~3700-3500cm™' and
~1500-1700 cm ", which correspond to typical O-H stretch and H-O-H
bending of water vapour, indicating evaporation from the samples at 150 °C
and 250 °C. Beyond 250 °C, sharp peaks at 2363.52 cm ', 2330.64 cm ™" and
670 cm™" progressively emerge, closely resembling the CO, pattern dis-
covered in pure MXene oxidation FTIR spectrum (see Fig. 2(a)). The
emission of CO, can be attributed to both the oxidation of MXene and the
decarboxylation of CS. Most significantly, a series of characteristic peaks
persists beyond 450 °C, which can be identified as the following potential
species:

(1) Cyanoacetic acid/acetic acid-based: sharp peaks were observed at

1120.1 cm™" (C-N stretching in nitrile (-CN) group), 1280 cm ™' and

1300 cm™" (C-O stretching in carboxyl (-COOH) group)™, 1800 cm™"
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(C=0 stretching in carboxyl (-COOH) group)*, 2330.64 cm™' and
2363.52cm™ (C=0/C=N stretching). These peaks indicate the
presence of acetic acid or nitride carboxyl-based compounds
decomposed from the pyranose ring. In the FR mechanism, acetic
acid serves as an effective catalyst for promoting carbonisation, while
nitrides eventually form ammonia and other nitrogen-containing
volatiles, excluding oxygen from the system. This aligns with the large
amounts of water and ammonia detected in the MD simulations.

(2) Pyrrodine/lactam/pyridine-based: Additional peaks were identified at
725.5cm™" (C-N bending in lactam group), 929 cm ™ and 1120 cm ™
(C-N stretching in amines), 1280 cm™' (C-N stretching in amide
linkage), 1420cm™ (C=0 stretching in lactam carbonyl group),
1726cm™ (C=0 stretching in lactam), 2862.94cm™ and
2932.82 cm™ ' (C-H stretching in lactam ring)”". These findings suggest
that the amine groups from glucosamine fragments could form lactam
or pyridine-based structures via intramolecular cyclisation®. Similar
compounds, such as pyrrolidone-4-carboxylic acid groups, have been
detected during CS’s thermal decomposition, where interactions
between amine groups and acetic acids drive lactam and pyrrolidine
cyclisation”. These reaction pathways contribute to acid-catalysed
dehydration of the CS backbone, promoting char formation upon
heating™.

Figure 3(e) reveals the TGA-FTIR spectrum of MXene/CS at various
temperatures in an oxygen-rich environment. Compared to the pyrolysed
sample, MXene/CS exhibited more intense oxidation and evaporation from
the outset, with stronger water vapour and CO, signals. However, FTIR-
related peaks (from 7255cm™ to 1726.4cm™") were delayed and sig-
nificantly weakened in the oxidation environment, appearing at 550 “C and
rapidly vanishing at 850 °C. This could be attributed to the rigorous oxi-
dation of both MXene and CS that disrupts the identified flame retarding
reaction routes in a nitrogen ambient, where massive decarboxylation
reactions take place at the CS backbone to hinder the deacetylation and
cyclisation reactions.

Figure 3(f) provides a comprehensive comparison of the TGA-FTIR
spectrum at 850 °C of MXene, MXene/CS in air and MXene/CS in nitrogen
environment, including detailed absorbance peaks. The comparison of TGA
curves between MXene and MXene/CS in the experiment can also be found
in Supplementary Fig. 2.

Besides the gas-phase reactions, CS also enhances MXene’s thermal
resistance in the condensed phase. This effect can be evaluated by analysing
the oxidised nanosheets in MD simulations.

Figure 4(a) reveals the transient evolution of the oxidised Ti;C,
nanosheets and the associated carbon arrangement during their oxidation
with and without CS and oxygen. Compared to pure MXene oxidation, a
greater carbon agglomeration was observed on the nanosheet surface after
CS inclusion. Particularly, MXene/CS thermal decomposition in vacuum
conditions preserved most of the carbon at the surface, forming a dense
carbon layer likely to undergo carbonisation.

SEM images of residues post-TGA further illustrate the intrinsic
charring capability of MXene. Figure 4(b—e) compares the residue of MXene
and MXene/CS after TGA in a nitrogen environment. For MXene, distinct
tetragonal TiO, structures emerged due to its intrinsic thermal transfor-
mation. In contrast, MXene/CS exhibited amorphous carbonaceous sub-
strates beneath TiO,, suggesting that CS underwent carbonisation during
TGA, contributing to amorphous carbon formation alongside TiO, pro-
duction. This observation is consistent with the XRD results, which showed
a reduction in peak intensity for MXene/CS after TGA.

Figure 4(f) outlines the phase transformation of the Ti;C, nanosheet by
tracking the C-C, Ti-C and Ti-O bonds. The inclusion of CS intensified C-C
and Ti-C bonding, leading to higher char yield and an increase in substrate
elemental content. This suggests that the carbon derived from glucosamine
components not only enhances the aromaticity of carbon substrates but also
reinforces Ti-C bonding, improving MXene’s thermal resistance while
reducing Ti-O bonding, which hinders oxidation. In oxygen-deficient

conditions, carbonisation was maximised, with abundant C-C double and
triple bonds forming in the system.

Figure 4(g) illustrates the elemental distribution in oxidised MXene
residues post-heating, tracking changes in the composition. CS inclusion
significantly increases the carbon, hydrogen and nitrogen content of
the Ti;C, nanosheet while reducing oxygen. In general, higher C, H, and
N levels indicate a more resilient carbon layer due to aromatic
carbon formation. Additionally, elevated H and N concentrations suggest
greater functionalisation from CS, contributing to reduced oxidation
of MXene.

Figure 4(h) compares the XRD patterns of the pure MXene and MXene/
CS before TGA. For pure MXene, characteristic peaks at 20 values of around
5.8°, 17.6° 29.7°, 35.9° and 42.2° correspond to the MXene lattice planes of
(002), (004), (006), (103) and (105), respectively”'. In MXene/CS, a distinct
peak at 26 values of around 5.6° was observed, indicating greater nanosheet
layer spacing than pure MXene, likely due to CS incorporation. Moreover, the
fading of peaks associated with planes (004), (006), (103), and (105) in the
MXene/CS curve can also be attributed to the presence of CS, suggesting that
its interfacial interactions influence MXene’s crystal structure.

Post-TGA and XRD analysis (Fig. 4(i)) confirmed that both pure
MXene and MXene/CS formed rutile TiO, as the dominant crystalline
phase. Peaks at the 20 values of 27.5° 36.1°, 39.2°. 41.3°, 44.1°, 54.4°, and
56.7° for the MXene sample correspond to TiO, rutile lattice planes of (110),
(101), (200),(111), (210), (211), and (220), respectively’'. For the MXene/CS
sample, these crystal planes are found at 20 values 0f 27.4°, 35.9°, 39.1°,41.1°,
43.9°, 54.2° and 56.4°, respectively. MXene/CS displayed similar features at
slightly shifted 20 values (~27.4°-56.4°), suggesting subtle lattice structure
modifications due to CS incorporation. During heating, decomposed CS
provided additional elements, facilitating stable rutile TiO, formation,
aligning with the MD simulations. Moreover, CS degradation led to
amorphous carbon formation, which subsequently interacted with rutile
TiO,, slightly expanding interlayer spacing in MXene/CS, as visualised in
SEM images.

Moreover, Supplementary Figs. 3-7 analyses the XPS spectrum of MXene
and MXene/CS before and after TGA, where compact Ti-C-Ti and C-Ti-O
characteristics were identified on the MXene/CS surface, including surface
C =0 and C-N groups offered by the CS. It is suggested that the CS fragments
partially remain in the condensed phase in the MXene/CS residue after TG.

Interfacial/Interlayer reaction on different active sites

In the actual experiment, the deposition of Ti;C,/CS nanoflakes is random
and misaligned, introducing uncertainties in oxidation behaviour due to
varying active sites. The arbitrary orientation of nanoflakes can be examined
via SEM, as shown in Supplementary Fig. 1. During thermal oxidation, the
oxidation rate of Ti;C, sheets and oxide expansion vary depending on
crystal planes, influenced by differences in atomic coordination and the
presence of diffusion channels between neighbouring MXene layers".
Consequently, the flame retardancy of MXene/CS sheets is also crystal
plane-dependent, where molecular mobility and carbon transformation
differ.

Figure 5(a), (b) illustrate the oxidation of bilayer MXene/CS with
respect to (001) and (010) planes, both subjected to a temperature of 3000 K
for 300 ps (see Supplementary Movie 4 and Supplementary Movie 5). For
oxidation at (001) planes, MXene/CS exhibited similar oxidation and TiO,
phase transformation as observed previously, with oxidation occurring
uniformly across the outward surface of Ti3C,. CS reinforced the nanosheets
by providing the carbon content. Notably, CS decomposed violently within
thelattice, causing outward expansion of the nanosheets. On the other hand,
the existing channel at the (010) plane facilitated oxygen diffusion, allowing
oxidation to preferentially occur near the channel. This led to inward oxi-
dation, reducing channel width. However, the channel also enabled CS and
its decomposition products (e.g., H,O, NH;) to diffuse outward, limiting
interaction between CS-released carbonaceous groups and MXene.

Figure 5 (c) compares the product spectrum between oxidation at two
planes. Generally, fewer species were detected in both cases compared to
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CS. h before TG (N,); i after TG (N,).

single-layer Ti;C, systems, since bilayer configurations limit oxygen diffu-
sion. However, the open channel at the (010) plane allowed oxygen ingress,
enabling CS to oxidise and leave within the channel, hindering carbon
transfer from CS to Ti;C, and reducing the MXene’s barrier effect.

Figure 5(d) further quantifies the number of surface functional groups
on MXene, revealing the oxidation rate at different active sites: -O and -OH
adsorption rates at the (010) plane were significantly higher than at the (001)
plane, attributed to rapid TiO, formation on inward planes, where crys-
talline TiO, with O and OH termination was generated; and C adsorption
was found to be more prominent at (001), where Ti;C, restricted oxygen
diffusion, promoting carbon agglomeration within the channel.

Figure 5(e) highlights the contribution of CS towards MXene, show-
casing the residue at 300 ps and the normalised RDF spectrum of C-C pairs

in different active sites. In both cases, CS significantly increased carbon
deposition on MXene’s inward surfaces, reducing the average C-C pair
distance from 3.04 A to 1.2 A and 1.42 A, indicating the formation of
compact aliphatic and aromatic carbon structures. The carbonised layer is
desirable for FR applications, as it safeguards against intense flames in the
condensed phase. The results indicate that the MXene/CS system exhibits
stronger charring ability and restricted oxygen diffusion owing to the closed
surface at the (001) plane. While the (010) surfaces allow oxygen ingress via
open channel, which hinders the carbonisation effect between MXene and
CS. The study of flame retardancy at materials’ various active sites was barely
discussed and compared. This information shall provide a more in-depth
understanding for future FR design, especially when the material’s oxidation
behaviour is sensitive towards active sites.
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The flame-retardant pathway of multilayer MXene/CS

Incorporating disoriented Ti;C, nanosheets with CS as a coating can
ultimately facilitate the construction of a multilayer MXene/CS archi-
tecture over the material surface. Specifically, employing advanced
deposition methods, such as LbL assembly, can promote uniform

layering of Ti;C, nanosheets and CS by leveraging charge differences
during deposition. Supported by the MXene/CS interactions
identified in the previous section, this section provides comprehensive
insights into the flame-retarding pathway of multilayer MXene/CS
systems.
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Figure 6(a) represents the transient evolution of a 3-bilayer MXene/CS
system heated at 3000 K for 300 ps (see Supplementary Movie 6). For clarity,
the MXene layers are labelled L1, L2, L3, and L4 from top to bottom. During
heating, intense oxygen diffusion is observed at the surface of the exterior

layers (i.e. L1 and L4), triggering outward oxide growth and transformation
into rutile TiO,. Meanwhile, CS chains in the interlayers decompose rapidly
into organic volatiles (e.g., H,O, NH3) and aliphatic carbon fragments, as
shown in Fig. 6(b). These volatiles originate from the decomposition of
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acetic acid-based and lactam-based compounds, resulting in acid-catalysed

dehydration of the CS backbone during heating and subsequent char

formation™. Additionally, these non-flammable organic volatiles (e.g. H,0,

NHS,) function as blowing agents, increasing char volume”. Furthermore,

the diffusion and collision of volatile molecules significantly expand the

interlayer spacing between MXene slabs.

Figure 6(c) illustrates the adsorption groups detected on the MXene
surface. A rapid increase in surface oxygen (-O), hydroxyl (-OH), and
hydrogen (-H) groups indicates intense oxidation throughout the system, as
MXene nanosheets transform into TiO, via crystalline Ti-O bond forma-
tion. Meanwhile, amorphous carbon retains active sites that further adsorb
-0, -OH, and -H groups via chemisorption. Surface carbon (-C) adsorption
is attributed to the charring effect of CS, where CS backbone chains break
down into carboxylic acid and aliphatic carbon fragments, which then
crosslink or agglomerate within the MXene carbon layer. This process
reinforces MXene’s thermal stability.

To gain deeper insights into the charring ability of each nanosheet,
Fig. 6(d) depicts the MXene nanosheet post-heating (3000 K for 300 ps).
Comparatively, L2 and L3 layers retained more carbon atoms and formed
denser carbon structures than the surface layers (i.e. L1 and L4). This can be
attributed to the surface adsorption of carbon from CS backbones, which
facilitated C-C bond formation within the amorphous carbon layer.

Figure 6(e) describes the element ratio of each MXene sheet after
heating. L2 and L3 contained ~60% more carbon than the surface layers,
while exhibiting 20% less oxygen, indicating higher carbonisation rates,
which effectively impeded overall oxidation of the slabs. Moreover, the
deposition of hydroxyl and carbon groups may terminate active sites, fur-
ther preventing excessive oxidation of MXene.

During the actual experiment, the product volatiles generated during
thermal decomposition could exit the layers due to misaligned coating
deposition or nanosheet defects that allow volatile diffusion. Hence, periodic
removal techniques were also introduced to the MXene/CS system to
facilitate a more realistic gasification over the nanosheet surface; the details
can be found in Supplementary Figs. 8-9.

The flame-retarding behaviour of multilayer MXene/CS coatings is
anisotropic and sequential, progressing through distinct phases (see Fig. 7),
which can thus be summarised as follows:

(1) Initial Oxidation at Surface Layers: Upon exposure to heat, the surface
MXene layers (i.e. L1, L4) initiate oxidation by absorbing oxygen
radicals, explaining the slight weight increase observed during TGA at
400 °C (see Supplementary Fig. 2).

(2) Formation of Sacrificial TiO, layer: The surface MXene layers undergo
rapid oxidation, consuming surrounding oxygen. Despite the vertical
heat conduction, these layers serve as sacrificial barriers, transforming
into carbon-supported TiO,, which limits oxygen diffusion deeper into
the system. Additionally, TiO, layers exhibit excellent flame resistance,
maintaining structural integrity under extreme heat (3000 K) due to
compact C-C and Ti-Ti interatomic distances, which dissipate heatand
restrain oxidation.

(3) CS Decomposition in Interlayers: Within interlayers, CS undergoes
dehydration reactions at low temperatures, leading to backbone
monomer breakdown into carboxylic-, pyranose-, or amine-based
compounds. These compounds fortify adjacent MXene layers before
the sacrificial layer is depleted.

(4) Surface Adsorption and Carbon Catalysis: Carboxylic and acid-based
compounds catalyse amorphous carbon formation via surface
adsorption and dehydration, enhancing thermal stability.

(5) Pyranose- and Amine-Based Compounds: These compounds undergo
ring-opening reactions, releasing NH3, along with carboxylic and
aliphatic hydrocarbons, contributing to the formation of protective
carbon layers.

(7) Increased Carbon Content and Structural Stability: The formation of
aromatic carbon layers elevates carbon content, correlating with char
yield and thermal stability. Crosslinking with amine groups may fur-
ther terminate reactive sites, slowing oxidation. XPS elemental analysis
(see Supplementary Fig. 7) confirms a significant increase in carbon
and nitrogen content on MXene’s surface.

(8) Final Decomposition and Gas Evolution: As the multilayer system
continues flame resistance, remaining CS compounds decompose into
inert volatiles (e.g. H,O, NH3, H,, HNCO), which exclude oxidisers
and enhance char formation.

Conclusion

This study integrates MD-ReaxFF simulations with multiscale experi-
ments to unravel the flame-retardant behaviour of Ti;C, MXene/CS
hybrid nanosheets. The oxidation and decomposition pathways of MXene/
CS were systematically resolved from single-slab to multilayer configura-
tions, bridging atomic-scale reactions with macroscopic flame-retardant
performance. MD simulations revealed that pristine MXene undergoes
sequential Ti-C bond dissociation and TiO, formation, while CS incor-
poration fundamentally alters the oxidation chemistry by generating NH,
and H,O volatiles that dilute oxidisers and by depositing carbon- and
nitrogen-rich residues that reinforce char formation. Under oxygen-
deficient conditions, CS enhances aromatic carbonisation and intensifies
C-C and Ti-C bonding, thereby suppressing oxygen diffusion and
delaying degradation. Multilayer MXene/CS coatings exhibit a hierarchical
defence mechanism: sacrificial TiO, surface layers restrict oxygen ingress,
interlayer carbonisation fortifies the condensed phase, and volatile evo-
lution sustains structural stability. These coupled gas- and condensed-
phase processes establish a comprehensive mechanistic framework
explaining the superior thermal resistance of MXene/CS systems. The
results demonstrate that bio-derived CS not only enhances MXene’s oxi-
dation resistance but also acts as a sustainable charring and functionalising
agent, offering design principles for next-generation lightweight, multi-
functional flame-retardant coatings.

Numerical methods

ReaxFF simulations

The fundamentals of MD-ReaxFF revolve around the atomic movement
based on Newton’s second law, where F is the interatomic force, m is the
atom mass, and a is the acceleration. The atomic force is contributed by the
energy functions E governed by the reactive forcefield based on the corre-
lation between bond length, bond order, and bond energy. Hence, the
atoms’ coordinates and velocity can be computed iteratively in the domain
with the following equations:

dv d*x
ZF:ma:mE:mW (1)
F=_VE )

The energy parameters in the reactive forcefields were trained and
validated against a wide range of experiments, QM data and DFT calcula-
tions of reaction energy and transition state of different elements. Given the
potential energy of the system E,,, which can be correlated by various
interatomic energies, including bonded and non-bonded, the total energy of
the system is expressed in the following:

Esystem = Ehand + Enver + Eunder + Eval + Epen + Eturs + Econj

Bonded Energy

3
(6) Reinforcement via Ti-O-C and Ti-C-C Networks: CS degradation + Eyuwaas + Ecoutomb ®)
reinforces adjacent MXene layers, establishing a Ti-O-C or Ti-C-C W
1n— ut ners
network, which hinders further oxidation. o vonded Enegy
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where E,, ; denotes the bond energy based on interatomic distance, E,,,,,,
are the over-coordinated and under-coordinated atoms in the

and Eudner
bond energy calculation. E,;, E,,» Eors Ecop; represent the complex

consideration of various atomic forces, including valence angle term,

penalty and torsion energy, and conjugation effects. While E, ;i ,.1
E.,uiomp T€Present non-bonded interactions such as Van der Waals and
Coulomb interaction. Furthermore, the bond order was evaluated based
on the interatomic distance between each atom in the domain in every
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timestep, adopting the empirical formula®™** in Eq. (4):

7.\ Pooz
BO, = BO{ + BOY + BOT™ = exp {Pbm <é) }

Ty Pros ri Puos
+ exp [Pboa <r—”) } +exp |:pbol <ﬁ> }
0 0

where BO; is the bond order between atoms i and j, r; denotes the distance
between atoms and r, are the equilibrium bond length for bonds o, 7 and
7. Following an initial calculation of bond orders, a correction procedure is
implemented to account for over-coordination and valence angles. This
correction step is crucial in achieving the appropriate long-range orders for

4)

odd-electron radical molecules and short-range localised orders for even-
electron stable molecules™.

Simulation setup

The computational chemistry framework employed in this study aims to
characterise the thermal oxidative behaviour of MXene nanosheets and
their interactions with CS under different layering configurations. To
achieve this, a series of MD-ReaxFF simulations were conducted on Ti;C,
MXene slabs, both with and without CS, as well as in the presence and
absence of adjacent oxygen molecules. Firstly, a single Ti;C, lattice (see
Fig. 8(a)) terminated with oxygen (600 Ti, 400 C and 400 O) was created in
the domain at 61.41 A x 26.59 A x 50 A. The oxygen molecules and CS
(n=6) (seeFig. 8(b), (c)) were inserted into spatial regions via PACKMOL.
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It is worth noting that MXene/CS geometry in the absence of oxygen is also
investigated in the results section. The constructed single-slab geometry
enables perspicuous exploration of the intrinsic oxidation of MXene and the
surface reactions with CS and oxygen molecules. Afterwards, a two-layer/
bilayer configuration (see Fig. 8(d), (e)) is proposed to study the interlayer
interactions and the plane-dependent FR behaviour of the MXene/CS
bilayer. Ultimately, as shown in Fig. 8(f), a multilayer architecture consisting
of 3 MXene/CS bilayers is developed to reveal the FR strategies of engineered
layers. It is notable that the Ti;C, slabs next to z-edges are fixed to act as a
“wall”. The non-reactive “wall” can effectively prevent numerical instability
caused by high-velocity gradients at the periodic boundaries.

All simulations were initiated with a heating-up process with a time step
of 0.1 fs, followed by the NVT ensemble, where the temperature was regulated
using the Berendsen thermostat. Firstly, the temperature of the models would
ramp up from 300 K to Ty,4, (2000 K, 2500 K and 3000 K) at the first 50 ps,
which enables continuous reactions during the temperature being elevated
from the ambient”, reactions with different energy barriers (i.e., surface dif-
fusion or functionalisation) were characterised transiently to outline the
pyrolysis stages. Afterwards, the temperature was maintained at T, for
another 250 ps under NVT ensemble to accelerate the oxidation of the system.
The artificial temperature range was adopted to observe the thermal decom-
position, as the artificial heat can promote sufficient atomic motion and
molecular collision with practical computational cost™”. In previous MD-
ReaxFF studies on MXene oxidation, 3000 K was adopted to observe the full
MXene oxidation reaction”. This simulation strategy was adopted and vali-
dated by various ReaxFF literature***'. All the simulations in this study were
carried out in Amsterdam Modelling Suite (AMS)*. The details of the ReaxFF
forcefield used in this study are provided in Supplementary Note. 1.

Experimental characterisation

Raw materials

Titanium aluminium carbide (Ti;AIC,) was obtained from the 11 Technology
Co. Ltd. (Changchun, China). Chitosan (CS, Mw. 1,500,000), hydrochloric
acid (HCl, 36% aq.) and lithium fluoride (LiF) were supplied by Sigma- Aldrich.

Sample preparation

MXene (Ti;C,) nanosheet suspension was fabricated with a concentration
of 1 mg/mL based on previous work carried out by Lin et al.'". Chitosan
solution was prepared by dissolving the chitosan powder in the deionised
(DI) water to form a 0.5wt.% solution. Diluted HCl was added to the
chitosan solution at the same time to maintain a pH value of 5 during the
dissolving process. Pure MXene sample was obtained by suction filtration of
the nanosheet suspension, followed by vacuum drying. To prepare the FR
coating, the MXene suspension was mixed with the CS solution at a ratio of
3.26 to align with the numerical model. After that, the mixture was fast-
frozen by liquid nitrogen, and then dried by the freeze-drying method to
acquire the final samples for further characterisation. The fabricated sam-
ples are named MXene and MXene/CS (MXene to chitosan ratio of 3.26).

Characterisation

Thermogravimetric analysis (TGA) equipped with Fourier Transform
Infrared Spectroscopy (FTIR) was adopted to understand the thermal
degradation process of the samples on Netzsch TG 209 F1 thermo-
gravimetry equipment. The heating rate was 20 K/min with a temperature
range from ambient temperature to 900°C under both nitrogen and air
atmospheres. Scanning electron microscopy (SEM) on a Hitachi SU8010
SEM (Tokyo, Japan) with the acceleration voltage of 10 kV was applied to
observe the surface morphology of the samples for both before and after the
TGA examination. The samples were coated with platinum prior to the SEM
testing to prevent charging effects during imaging. X-ray diffraction (XRD)
patterns were recorded on an XRD-Empyrean I (Cu power) with the CuKa
wavelength of 1.54 A. X-ray photoelectron spectroscopy (XPS) was con-
ducted on Thermo ESCALAB250i XPS (Thermo Scientific, UK) with a
mono-chromated AlKa excitation energy of 1486.68 eV and a binding
energy reference of Cls = 284.8 eV for adventitious hydrocarbon.

Data availability

All experiment and numerical data are available in the main text or the
supplementary materials, and are also available from the corresponding
author on reasonable request. Request or enquiry can be made by con-
tacting: anthony-cy.yuen@polyu.edu.hk.
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